Behavioral responses to sweeteners have been used to study the evolution, mechanisms, and functions of taste. Occidental low and high saccharin consuming rats (respectively, LoS and HiS) have been selectively outbred on the basis of saccharin intake and are a valuable tool for studying variation among individuals in sweetener intake and its correlates. Relative to HiS rats, LoS rats consume smaller amounts of all nutritive and nonnutritive sweeteners tested to date, except aspartame. The lines also differ in intake of the commercial product Splenda; the roles of sucralose and saccharides in the difference are unclear. The present study extends prior work by examining intake of custom mixtures of sucralose, maltodextrin, and sugars and Splenda by LoS and HiS rats (Experiment 1A-1D), stevia and a constituent compound (rebaudioside A; Experiment 2A-2E), and acesulfame potassium tested at several concentrations or with 4 other sweeteners at one concentration each (Experiment 3A-3B). Results indicate that aversive side tastes limit intake of Splenda, stevia, and acesulfame potassium, more so among LoS rats than among HiS rats. In addition, regression analyses involving 5 sweeteners support the idea that both sweetness and bitterness are needed to account for intake of nonnutritive sweeteners, more so among LoS rats. These findings contribute to well developed and emerging literatures on sweetness and domain-general processes related to gustation.
Introduction
Sweetness evolved as a signal for readily utilizable energy, and species ranging from primates to flies have biobehavioral systems for finding and preferring sweet-tasting compounds (e.g., Hellekant and Danilova 1996; Nofre et al. 1996; Li et al. 2011; Freeman et al. 2014) . However, distinguishing among sweet-tasting compounds also would have had adaptive value given their association with different foods (e.g., lactose in milk, fructose in fruit). Indeed, humans, rats, and other species can distinguish among carbohydrates (e.g., Hagstrom and Pfaffmann 1959; Schiffman et al. 1979; Bachmanov et al. 2014) . Individual differences in the sweetness and bitter side taste of several nonnutritive sweeteners have been reported for humans and rodents (Wagner 1968; Gent and Bartoshuk 1983; Schiffman et al. 1995; Bachmanov et al. 2001; Kuhn et al. 2004; Reed et al. 2004; Sclafani and Clare 2004; Glendinning et al. 2005; Loney et al. 2011 Loney et al. , 2012a Loney et al. , 2012b Torregrossa et al. 2015) . Rats arguably have more in common with humans than do mice (e.g., Zhao et al. 2004; Rats! 2010; Nguyen et al. 2015) but less is known about individual differences among rats in response to sweeteners. Little is known, for instance, about how rats respond to stevia, acesulfame potassium, or sucralose/polysaccharide mixtures, even though sucralose is widely consumed as a polysaccharide mixture (the product Splenda).
Occidental low and high saccharin consuming rats (respectively, LoS and HiS) have been selectively outbred on the basis of saccharin intake and are a valuable tool for studying variation among individuals in sweetener intake and its correlates (reviewed by Carroll et al. 2008) . Saccharin has mixed gustatory properties (Dess 1993) , and results to date implicate both sweetness and bitter side taste in the line difference in intake of saccharin and other nonnutritive sweeteners. The lines differ in intake of all nutritive and nonnutritive sweeteners except aspartame (De Francisco and Dess 1998; Dess 2000; Dess et al. 2005 . The lines do not differ in rejection of purely bitter solutions (quinine, sucrose octaacetate), but LoS rats reject quinine-adulterated sucrose solution at a lower quinine concentration (Dess 2000) . Adulterating sucrose with citric acid affects LoS and HiS rats similarly, implicating bitterness specifically rather than any aversive taste in the differential intake of complex tastants by the 2 lines. The primary objective of the present work was to extend the behavioral database on sucralose, stevia, and acesulfame potassium using rat lines generated through selective pressure on intake of a nonnutritive sweetener.
General methods

Rats
Rats at least 60 days of age from Generations 38-51 of the Occidental low and high saccharin consuming lines were used (see Carroll et al. 2008 , for details). Rats in each of the 11 experiments were experimentally naïve. Table 1 shows the groups (with ns) with mean (±SEM) body mass and baseline water intake. During data collection, rats were individually housed in hanging stainless steel cages on a 12:12 light:dark cycle (lights on at 0700) with Purina 5001 Rodent Chow freely available. Care and use of the rats adhered to the ILAR Guide for Care and Use of Laboratory Animals and a protocol approved by the Occidental College Institutional Animal Care and Use Committee.
Materials
For all 2-bottle tests, tastant solutions were presented in a glass bottle (250 or 500 mL) and tap water was presented in either a glass bottle or a polypropylene tube with a rubber stopper and stainless steel spout. Tastant solutions were prepared daily with tap water.
Procedure
Water intake was measured for 48 h to obtain a daily water intake estimate. Rats then were weighed and the first 24-h 2-bottle taste test began. Tastant concentrations were presented on successive days in ascending order, as shown on x axes, except where noted otherwise.
Statistical analysis
Data from each experiment were subjected to analysis of variance (ANOVA) with tastant (solute, concentration) and solutions (taste solution vs. water) as repeated measures and, where appropriate, line (LoS vs. HiS) and/or sex (female vs. male) as a between-group factor. Greenhouse-Geisser corrected P values were used for repeated measures. Bonferroni-corrected pairwise contrasts were used to interpret the highest-order significant interaction. Two sets of contrasts assessed differences central to study objectives. For both sets of contrasts, the data were disaggregated by the other variables in the interaction, to reveal the pattern of differences giving rise to the interaction. The first set evaluated the significance of absolute preferences (tastant > water intake), aversions (water > tastant intake), or indifference (tastant = water intake). Then, beginning with Experiment 1C, a second set of contrasts evaluated line differences in preference/aversion/indifference scores (only LoS rats were used in Experiments 1A-1B).
In Experiment 3B, bivariate correlations and stepwise regressions were used to assess the test-retest stability of sweetener intake and relationships among sweeteners overall and in each line.
Test statistics are reported for significant results (P ≤ 0.05).
Experiments 1A-1D: Maltodextrin/sucralose/ sugar mixtures and Splenda
Splenda is about 1% (wt/wt) of the high-potency sweetener trichlorosucrose (product name sucralose). Sucralose has an aversive side taste to humans and rats (Schiffman et al. 1995; Sclafani and Clare 2004; Loney et al. 2011) . The side taste produces aversion at relatively low concentrations in some individuals, raising the possibility that positive hedonic responses to Splenda have to do with product formulation, not just the taste of sucralose. Granular Splenda is 93% maltodextrin, and table packets contain 1% glucose in addition to mono-and disaccharides (sugars) that are byproducts of starch hydrolysis. Although the maltodextrin is described by the manufacturer as a bulking agent, humans and rats can taste maltodextrins (Sclafani and Mann 1987; Ramirez 1994b; Lapis et al. 2016) . Variation in responses to Splenda may arise in part from the mixture of sucralose with maltodextrin and sugars. Sweet-bitter mixture suppression and synergistic effects of saccharide/sweetener mixtures on solution perception and intake are well known phenomena (e.g., Green et al. 2010; Maier and Katz 2013) , and Schiffman et al. (2003) showed that sweetness declines less over repeated sips of binary and ternary sweetener mixtures compared to single-sweetener solutions. These findings suggest that sucralose mixed with a moderate chain length glucose polymer and a small amount of sugar might increase fluid intake in more individuals than does sucralose alone. In a previous study (Dess et al. 2009 ), both LoS and HiS rats preferred Splenda to water but HiS rats consumed more Splenda than did LoS rats. Although those results conform to the HiS > LoS pattern seen with most other sweeteners, they are inconsistent with results for sucralose in the same study. HiS rats preferred 0.02-0.5 g/L sucralose to water. LoS rats, on the other hand, did not prefer sucralose at any concentration; they were indifferent to sucralose at 0.02 g/L and were averse at higher concentrations, reliably so at 0.1 g/L among females and at an even lower concentration (0.05 g/L) among males. Bimodality in sucralose preference among randomly bred rats has been reported by others (Sclafani and Clare 2004; Loney et al. 2011 Loney et al. , 2012a . Moreover, sucralose-avoiders, but not sucralose-preferrers, prefer plain sucrose to sucralose-adulterated sucrose (Sclafani and Clare 2004) . These results suggest that the contribution to Splenda intake of blending saccharides with sucralose might differ for LoS and HiS rats.
Four experiments were conducted to examine how LoS and HiS rats respond to mixtures of constituent compounds of Splendapolysaccharides, monosaccharides, sucralose-and to Splenda. Our custom mixtures were not designed to exactly replicate Splenda, which was not possible due to the proprietary nature of its formulation. Rather, the objective was to examine whether responses to a maltodextrin vehicle are differentially modified by the addition of sweeteners (sucralose, sugars) in animals that differ in their consumption of Splenda and other nonnutritive sweeteners. Splenda tests were conducted to replicate published findings and to extend them to higher concentrations for comparison to our custom mixtures. Finally, because the saccharide profile of the maltodextrin in Splenda is unknown, 2 different maltodextrins were tested to assess the generality of mixture effects.
Materials and methods
Tastants
In Experiments 1A-1C, the maltodextrin vehicle (hereafter MD-6) was 2 g/L maltodextrin (MD-6, V Labs). Sucralose (hereafter SUX) was added to the vehicle at concentrations of 0.025-0.2 g/L in Experiment 1A; because 0.1 g/L SUX was sufficient to eliminate MD-6 preference, that SUX concentration was used for MD-6 + SUX mixtures in Experiment 1B and 1C. Sugars were added to the MD-6 + SUX mixture at low concentrations in Experiment 1B (0.5-1.5 g/L, equal parts glucose and maltose) and higher concentrations in Experiment 1C (2-8 g/L, glucose). In Experiment 1D, granular Splenda (0.1-10 g/L) and 2 maltodextrins (MD-6, V-Labs; Polycose, Abbott Nutrition) at a concentration of 10 g/L with or without added sucralose (0.1 g/L) were used.
Procedure
In Experiment 1A, LoS females were tested with plain MD-6 solution followed by MD-6 + SUX mixtures with increasing SUX concentrations; a final test was conducted with plain MD-6 to determine whether reduced mixture intake was due to repeated MD-6 testing as opposed to adding SUX. In Experiment 1B, LoS females and males received 2 tests with plain MD-6 4 days apart, as a further test for carry forward effects of one plain MD-6 test on another; 4 tests then were conducted with a MD-6 + SUX mixture containing 0-1.5 g/L sugar. Because even the highest concentration of sugars in Experiment 1C (nearly equivalent to the MD-6 concentration) did not increase mixture intake, higher sugar concentrations were used in Experiment 1C: LoS and HiS females and males were tested with a MD-6 + SUX mixture containing 0-8 g/L glucose (i.e., up to 4 times the MD-6 concentration).
In Experiment 1D, rats were tested with 5 concentrations of Splenda then, after one day off, with maltodextrins. The first 2 maltodextrin tests were with plain MD-6 or Polycose (10 g/L), with order balanced. The final test was with a mixture of Polycose (10 g/L) and SUX (0.1 g/L) in proportions (100:1) similar to the maltodextrin/ SUX proportions in Splenda.
Results and discussion
In Experiment 1A, LoS females preferred MD-6 solution to water when up to 0.05 g/L SUX was added ( Figure 1 Contrasts showed that SUX intake exceeded water intake only at concentrations up to 0.05 g/L. The SUX concentration at which the MD-6 solution was no longer preferred to water (0.1 g/L) is the same as the SUX concentration at which LoS females reliably rejected it in favor of water in our prior study (Dess et al. 2009 ). Intake of plain MD-6 solution relative to water in the final test [paired t-test, t(12) = 6.79] indicates that SUX, and not simply repeated MD-6 testing, abolished preference for the MD-6 solution.
In Experiment 1B, LoS rats preferred plain MD-6 solution to water (2 left-most points in Figure 2 ). Intake did not change appreciably between tests, confirming that repeating the MD-6 test has little effect. A sex × solution × day (first 2, plain MD-6 tests) ANOVA yielded main effects of sex and solution [F(1, 34) = 11.84 and 213.19, respectively) and a sex × solution interaction [F(1, 34) = 5.46]. Contrasts showed that the interaction was ordinal: Both females and males drank more MD-6 solution than water, so only the magnitude of preference differed between sexes.
Regardless of sugar concentration, adding SUX eliminated MD-6 solution preference among LoS females (as in Experiment 1A) and made LoS males averse to MD-6 solution. A sex × mixture (second plain MD-6 test, MD-6 + SUX, MD-6 + SUX with 0.5, 1.0, or 1.5 g/L sugar) × solution ANOVA yielded main effects of sex and mixture [Fs > 18] and mixture × solution and sex × mixture × solution interactions [F(4, 136) = 46.13 and 4.00, respectively]. Contrasts showed that at each sugar concentration, females drank comparable amounts of MD-6 + SUX and water and males drank more water than MD-6 + SUX, except aversion among males fell short of significance at the lowest sugar concentration (P = 0.057).
In Experiment 1C, regardless of added sugar, LoS rats were indifferent to MD-6 + SUX solution and HiS rats preferred it to water ( [Fs > 5] . Contrasts showed that both 3-way interactions were ordinal: For females and males, MD-6 + SUX solution intake exceeded water intake only among HiS rats. The line difference in MD-6 + SUX preference (collapsed across sex) was significant at each sugar concentration.
In Experiment 1D, Splenda was preferred to water at all except the highest concentration among LoS rats and at all concentrations among HiS rats (Figure 4) . A line × sex × concentration × solution ANOVA yielded main effects of line, concentration, and solution and line × concentration, line × solution, concentration × solution, and line × concentration × solution interactions (Fs > 16). Contrasts confirmed that both lines consumed more Splenda than water at each concentration except for LoS rats at the highest concentration. Splenda preference was weaker among LoS rats than HiS rats at all except the lowest concentration.
In the maltodextrin tests, both lines preferred plain MD-6 or Polycose to water, but only HiS rats preferred Poly + SUX to water ( Figure 5) . A line × sex × maltodextrin (MD-6, Polycose, Poly + SUX) x solution ANOVA yielded main effects of line, maltodextrin, and solution and line × maltodextrin, line × solution, maltodextrin × solution, sex × maltodextrin × solution, and line × maltodextrin × solution interactions (Fs > 4). Contrasts confirmed that LoS and HiS rats drank more of each maltodextrin solution than water with the exception of LoS rats tested with Poly + SUX. Maltodextrin preference was weaker among LoS rats than HiS rats in all 3 tests.
In summary, LoS rats rejected custom maltodextrin + SUX mixtures and Splenda at concentrations preferred to water by HiS rats. Rejection of custom solutions occurred at a maltodextrin:SUX ratio comparable to the concentration of SUX in Splenda (~100:1) but only at relatively high concentrations-that is, at 0.1 g/L SUX in 10 g/L maltodextrin (Experiment 1D), but not at 0.025 g/L SUX in 2 g/L maltodextrin (Experiment 1A). Although LoS rats prefer saccharide solutions to water, saccharides do little to alter the aversive side taste of sucralose.
Our custom mixtures and Splenda are complex compounds. They are at least binary (maltodextrin with SUX) and in some cases terntary or quaternary (with mono-and disaccharides). Research suggests that complex taste mixtures have additive properties, with saccharide prepotency-i.e., saccharides are the dominant determinant of perceptual quality and are more effective at inhibiting side tastes than the converse (Green et al. 2010 ; see also Schiffman et al. 2003) . Thus, prior and present results point to less effective inhibition of the aversive side taste of sucralose by saccharides among LoS rats, especially males.
Experiment 2A-2E: Stevia
Stevia is an extract from leaves of the Stevia rebaudiana plant. Stevia components (rebaudioside A, stevioside) have an aversive side taste to people, as do other nonnutritive sweeteners (Schiffman et al. 1995) . Rat data are scarce but suggest that stevia also has an aversive side taste to rats, less so for the constituent compound rebaudioside A (Sclafani et al. 2010) . To add to this database and to test the generality of conclusions to date, Experiment 2 examined intake of stevia (Experiment 2A and 2B) and rebaudioside A (Experiment 2C) relative to water. To compare LoS and HiS rats with respect to isohedonic concentrations of stevia and sucrose, 2-bottle tests with a fixed concentration of stevia and ascending concentrations of sucrose were conducted in Experiments 2D and 2E.
Materials and methods
Tastants and procedure Rats were tested with water and stevia extract (Steviva stevia powder; Portland, OR) at lower concentrations (0.025-0.1 g/L) in Experiment 2A and higher concentrations (0.1-10 g/L) in Experiment 2B. In Experiment 2C, they were tested with water and rebaudioside A (0.05-10 g/L, hereafter Reb A; PureCircle Limited). In Experiments 2D and 2E, stevia (0.1 g/L in Experiment 2D, 1 g/L in Experiment 2E) was tested against sucrose (0-7.5 g/L in Experiment 2D, 0-20 g/L in Experiment 2E).
Results and discussion
In the lower concentration range (Experiment 2A), stevia preference was stronger at higher concentrations, especially among HiS rats (Figure 6 ). No evidence of aversion was apparent. A line × sex × solution (stevia vs. water) × concentration ANOVA yielded main effects of solution and concentration and line × solution, line × concentration, solution × concentration, and line × solution × concentration interactions (Fs ≥ 3.29). Although Figure 6 seems to depict some differences between females and males, no effect involving sex was robust enough to be significant. Contrasts showed that stevia intake exceeded water intake at the higher 2 concentrations among LoS rats and at all concentrations among HiS rats. Stevia preference was weaker among LoS rats than HiS rats at the higher 2 concentrations.
Evidence of a line difference in aversion emerged at higher concentrations (Experiment 2B; Figure 7 ). LoS rats transitioned from preferring stevia at the lowest concentration to being indifferent (females) or averse (males) at the highest concentration. HiS rats preferred stevia to water at all 3 concentrations, notwithstanding a pronounced decrease in stevia intake at the highest concentration. A line × sex × solution × concentration ANOVA yielded main effects of line, solution, and concentration and line × sex, line × solution, sex × solution, sex × concentration, solution × concentration, line × solution × concentration, and line × sex × solution × concentration interactions (Fs > 3.65). Contrasts confirmed that LoS females and males drank more stevia than water only at the lowest concentration; they became indifferent at the intermediate concentration, and LoS males drank more water than stevia at the highest concentration; HiS females and males drank more stevia than water at each concentration. Stevia preference differed between LoS and HiS rats at all 3 concentrations among females and at the higher 2 concentrations among males.
In Experiment 2C (females only; Figure 8 ), LoS rats preferred Reb A to water at 0.05-1 g/L but not at 10 g/L. HiS rats preferred Reb A to water at each concentration, notwithstanding a pronounced decrease in amount consumed at 10 g/L. In a line × solution × concentration ANOVA, all main effects and interactions were significant (Fs > 11.20). Contrasts confirmed that Reb A intake exceeded water intake at the lower 3 concentrations among LoS rats and at each concentration among HiS rats. Reb A preference differed between lines at every concentration. These results are the same as results for stevia (Experiment 2B) except that preference for 1 g/L Reb A among LoS rats was significant; this finding is consistent with Reb A having a weaker aversive side taste than other stevia compounds (Sclafani and Clare 2004) . In sum, the decrease in intake of stevia and Reb A between 1 and 10 g/L by all groups, and indifference or aversion at the highest concentration by LoS rats, point to an aversive side taste to which LoS rats, especially males, are more sensitive.
In Experiment 2D (Figure 9 ), all groups except LoS males preferred 0.1 g/L stevia to water. Stevia at 0.1 g/L was isohedonic with 2.5 g/L sucrose for all 4 groups and was rejected in favor of sucrose at higher concentrations. Lines differences were larger among females than males. In a line × sex × solution × concentration ANOVA, all main effects and interactions were significant (Fs ≥ 6.68). Contrasts confirmed that all groups except LoS males drank more stevia than water, all groups drank the same amount of stevia and 2.5 g/L sucrose, and all groups drank more sucrose than stevia at higher sucrose concentrations. With respect to line differences, among females, LoS rats preferred stevia to water less strongly, and preferred sucrose to stevia less strongly at concentrations above the isohedonic concentration, than did HiS rats. Among males, LoS rats preferred stevia to water less strongly than did HiS rats; line differences in sucrose preference above the isohedonic concentration were not significant.
At the higher concentrations of stevia (1 g/L) and sucrose (up to 20 g/L) used in Experiment 2E, a modest line difference in stevia/sucrose hedonic equivalence emerged (Figure 10 ). LoS females and males did not drink more stevia than sucrose at any concentration: Stevia was isohedonic with 0-7.5 g/L sucrose for females and with 0-5 g/L sucrose for males, and above those concentrations, they drank more sucrose. Among HiS females and males, stevia and 7.5 g/L sucrose were isohedonic; they drank more stevia below that concentration and more sucrose above that concentration. In a line × sex × concentration × solution ANOVA, all main effects and interactions were significant except for solution × sex and solution × line × sex interactions [Fs > 5] . Contrasts confirmed indifference among LoS rats at sucrose concentrations up to 5 g/L for males and 7.5 g/L for females, above which more sucrose than stevia was consumed; HiS rats consumed more stevia than sucrose at up to 5 g/L, were indifferent at 7.5 g/L, and consumed more sucrose than stevia at 10-20 g/L. Stevia preference differed between LoS and HiS females at all sucrose concentrations except 7.5 g/L and differed between LoS and HiS males at all sucrose concentrations except 10 g/L.
The results in Experiment 2E are similar to the results in Experiment 2D, with a few differences. A higher sucrose concentration was required for sucrose intake to match stevia intake in Experiment 2E, a result consistent with greater sweetness of the stevia standard (1 g/L vs. 0.1 g/L). At the same time, 1 g/L stevia was not preferred by LoS rats in either Experiment 2B or 2E, indicative of greater sensitivity to an aversive side taste. Finally, whereas the same sucrose concentration was isohedonic with stevia for all 4 groups in Experiment 2D, a lower sucrose concentration was first preferred to stevia among LoS males than other groups in Experiment 2E. LoS rats drink less sucrose and prefer it less strongly to water than do HiS rats (Dess 2000) , so the shift from indifference to a sucrose preference at a lower sucrose concentration among LoS males does not reflect greater sensitivity to the sweetness of sucrose. It more likely indicates greater sensitivity to the aversive side taste of stevia in LoS males. 
Experiment 3A-3B: Ace K and sweetener intercorrelations
Behavioral data on Ace K are available for mice (Bachmanov et al. 2001 ), but our literature search yielded none for rats. Experiment 3A provides such data. In Experiment 3B, rats were tested with Ace K, Reb A, sucrose, stevia, and saccharin at one concentration each (Experiment 3B). The key objective was to shed light on mechanisms underlying sweetener intake first by examining correlations among sweeteners and then by using regression techniques to quantify how well various sweeteners account for variance in saccharin intake overall and in each line. This approach provides a fundamentally different kind of information than does inspection of group-level mean differences, which may form a recurrent pattern across sweeteners (e.g., LoS < HiS) via any number of mechanisms.
At the receptor level, sweet and bitter receptor polymorphisms can generate variance in sweetener intake (Bachmanov et al. 2014) . Although protein-coding regions of Tas1r3 do not differ between LoS and HiS rats (Lu et al. 2005 ), other Tas1r3 regions or Tas2r could differ between the lines. To the extent that polymorphic receptors interact in unique and independent ways with chemically dissimilar sweeteners, and those interactions strongly influence sweetener intake, correlations among sweeteners should be modest. For example, in a human study (Allen et al. 2013 ), Ace K bitterness was not correlated with Reb A bitterness, implicating different mechanisms in processing of the sweeteners. Different sweeteners also should each account for variance in saccharin intake independently of others.
Mechanisms distinguishing the lines also could arise centrally. Some brainstem and forebrain mechanisms appear to re-code stimuli categorically as "good" (e.g., nutrient) or "bad" (e.g., toxin) (Scott and Mark 1987; Castro and Berridge 2014) , even when their perceptual qualities are discriminable. Domain-general hedonic processes should yield strong correlations among diverse sweeteners and make nutritive sweeteners largely interchangeable with one another with respect to accounting for variance in saccharin intake; nonnutritive sweeteners, which share an aversive side taste, also should be largely interchangeable with one another.
Our studies to date support the hypothesis that bitter side taste influences sweetener intake more for LoS rats than for HiS rats at least in part through domain-general motivational processes Gonzales et al. 2008; Eaton et al. 2012) . Testing the same rats with several sweeteners generated a novel test of that hypothesis.
Materials and methods
Tastants and procedure
In Experiment 3A, LoS and HiS rats were tested with Ace K (0.05-5 g/L). In Experiment 3B, LoS and HiS rats were tested with one concentration of 5 sweeteners: Ace K (2.5 g/L), sucrose (10 g/L), SUX (0.05 g/L), saccharin (1 g/L), and Reb A (2 g/L). A suprathreshold concentration was selected for each nonnutritive sweetener that was expected on the basis of prior work to have mixed taste properties for at least some rats. Sucrose presumably is purely sweet, and its concentration was selected to avoid ceiling or floor effects on intake in both lines. To enable assessment of the stability of intake of each sweetener, 2 "mirror image" tastant series with a single test of Reb A at the midpoint (see x-axis of Figure 12 for testing order) were conducted. A day off separated the Reb A test from the second series.
Results and discussion
In Experiment 3A, LoS rats preferred Ace K to water at the lowest 2 concentrations and HiS rats preferred Ace K to water at all 4 concentrations (Figure 11) . In a line × solution × concentration ANOVA, all main effects and interactions were significant (Fs > 14). Contrasts confirmed that Ace K intake exceeded water intake at 0.05 and 0.1 g/L among LoS rats and at all concentrations among HiS rats. Ace K preference was weaker among LoS rats than HiS rats at all but the lowest concentration. These results suggest that Ace K has an aversive side taste that limits intake above 0.1 g/L, more so among LoS rats.
Although the key objective in Experiment 3B was to assess predictive relationships, inspection of mean sweetener intake ( Figure 12 ) served 2 purposes. The first was informal comparison of intake of Ace K at 2.5 g/L to intake in Experiment 3A. It was at least as high as intake of 0.5 g/L in Experiment 3A, indicating that the aversion threshold among LoS rats is between 2.5 and 5 g/L. Second, means were helpful in assessing carry forward effects from repeated sweetener testing. Indeed, the apparent SUX preference among LoS rats in Series 1-something not previously observed (Dess et al. 2009 )-suggests that intake was affected by preceding sweetener tests. However, the main issue was not whether testing with one sweetener affects intake of another but was whether any such carry-forward effects would preclude measuring stable individual differences in response to each sweetener. This issue was addressed by evaluating group-level and individual-level intake stability for each twice-tested sweetener. Group-level stability was examined in a line × sex × sweetener (Ace K, sucrose, SUX, saccharin) × solution (sweetener vs. water) × series (Series 1 vs. Series 2) ANOVA. The highest order interaction involving sweetener and series was the line × sweetener × solution × series interaction [F(3, 129) = 5.05]. Contrasts comparing intake of each sweetener in the first versus the second series in each line showed that test-retest sweetener intake was generally stable in both lines. Only 2 changes between series were significant: Relative to the first series, LoS rats drank less SUX and HiS rats drank more sucrose in the second series.
For the other stability test, correlational methods were used. Individual-level stability was examined with test-retest correlations for each twice-tested sweeteners. An arithmetic transformation was performed to make the correlations more interpretable. To control for sex differences in baseline water intake and/or body mass, an avidity score was calculated for each test. Avidity was defined as the difference between baseline water intake and sweetener intake, expressed as percentage of body mass [(sweetener g − water baseline g)/body mass g]. This avidity score is the metric for quantifying the saccharin phenotype used to select LoS and HiS rats for breeding.
The correlation between avidity scores in the first and the second series was significant for each of the 4 re-tested sweeteners for rats overall [Pearson rs (45) Fisher's r-to-z transformation was used to compare LoS rats and HiS rats with respect to the test-retest correlation for each sweetener, and no line difference was significant. Reb A was only tested once due to limited availability, but intake should be no less stable for Reb A than for other, chemically diverse sweeteners.
For the correlation/regression analyses below, avidity scores averaged across the 2 series were used for sweeteners with high group-and individual-level stability. Separate Series 1 and 2 scores were used for sweeteners that were stable at the individual level but not at the group level (SUX for analyses including LoS rats, sucrose for analyses including HiS rats).
Two kinds of analyses were used to examine predictive relationships among sweeteners. First, a bivariate correlation matrix was constructed for all 5 sweeteners overall and separately for each line. Avidity for every sweetener was positively correlated with avidity for every other sweetener overall [rs(45) = 0.43-0.90]. All the correlations also were significant in each line [LoS, rs(21) = 0.48-0.77; HiS, rs(22) = 0.44-0.79], with 3 exceptions. Among LoS rats, Series 2 SUX avidity was not significantly correlated with Ace K avidity. Among HiS rats, SUX avidity was not significantly correlated with Series 1 sucrose or Reb A avidity. The SUX/Reb A correlation was robust among LoS rats in both series [r(21) = 0.72 and 0.64, respectively, Ps ≤ 0.001], notwithstanding their decrease in SUX intake in Series 2, so the absence of a SUX/Reb A correlation among HiS rats might point to a difference in mechanisms underlying intake in the 2 lines.
Second, stepwise regression was used to identify which sweetener was the best predictor of the saccharin phenotype overall and separately in each line. For all rats together, line was included as a predictor. Series 2 sucrose was the best predictor [F(1, 45) = 192.17 , R 2 = 80.6%]; Ace K accounted for a significant amount of residual variance [F(1, 44) = 31.58, ΔR 2 = 7.9%], after which Reb A did [F(1, 43) = 5.28, R 2 = Δ1.2%]. Avidity for those nutritive and nonnutritive sweeteners accounted for 89.5% of the variance in the saccharin phenotype. SUX and line accounted for no residual variance. Although the incremental R 2 was small, the fact that Reb A intake accounted for variance above and beyond Ace K intake aligns with psychophysical evidence from humans suggesting that more than one mechanism underlies the bitter side taste of those compounds (Allen et al. 2013) .
The same stepwise regression performed on each line yielded quite different results. Among LoS rats, Ace K was the best predictor [F(1, 21) = 28.06, R 2 = 55.2%], and SUX accounted for a significant Thus, intake of nonnutritive sweeteners provides the best account of saccharin intake by LoS rats whereas intake of sugar provides the best account saccharin intake by HiS rats, with no improvements on those accounts by adding sugar as a predictor for LoS rats or adding nonnutritive sweeteners for HiS rats.
While it remains to be seen whether this pattern would hold for different concentrations of these sweeteners, the line difference in saccharin phenotype predictors does not seem to be an artifact of whether sweetener intake was generally high or low: Mean intake did not vary much across sweeteners in LoS rats, and the best predictors of their saccharin phenotype were sweeteners that were consumed the most (Ace K) and the least (SUX) overall. Although Ace K intake by HiS rats was high on average, it varied among HiS rats as much as did sucrose intake, so its potential as a predictor was not limited by a restricted range; SUX intake averaged 50-60 g and so variance was not artificially limited by a floor effect. As such, these analyses provide a novel kind of evidence for a greater role for aversive side tastes and sweetness in ingestive behavior among, respectively, LoS and HiS rats.
General Discussion
This study contributes to the literature in several ways. First, it extends the behavioral database on sweetener responses in laboratory rats. It provides new information about intake of sucralose, stevia, and acesulfame potassium overall and within subpopulations of rats. Overall, concentration functions took the usual form for nonnutritive sweeteners, that is, preference to a point, above which indifference or aversion manifests. Differences between LoS and HiS rats also reinforce prior research with other sweeteners: LoS rats preferred all of the sweeteners less strongly than HiS rats, especially at higher concentrations. These findings indicate that, like betterstudied sweeteners such as saccharin, these sweeteners have mixed hedonic qualities for rats to which some subpopulations are more sensitive than others. The particulars of these data can help researchers using sweeteners in experimental work to tailor stimulus parameters to their purposes, species, and strain(s).
Second, the study has implications for understanding mechanisms that modulate sweetener intake. Regression analyses at the colony level (i.e., on data from all rats) indicate that virtually all of the variance in the saccharin phenotype (nearly 90%) can be quantitatively accounted for with a single concentration of one nutritive (sucrose) and one nonnutritive (Ace K) sweetener; less than 2% more variance was accounted for with 2 other sweeteners. Given that some of the residual variance (10%) is explained by measurement error and other random factors, little variance remains for other sweeteners to account for. The odds are small that we used the one sugar and the one nonnutritive sweetener that, at those particular concentrations, account for far more variance than would any other solutions. Logically, this result implies that a small number of mechanisms activated by diverse sweeteners can fully account for variation in saccharin intake by rats.
Together, bitterness and sweetness provide a parsimonious explanation of differential intake of diverse sweeteners by LoS and HiS rats, specifically greater responsiveness to bitter side tastes among LoS rats and greater responsiveness to sweetness among HiS rats. Consistent with this explanation, previous research had shown that LoS rats are indifferent or averse to bittersweet solutions at lower concentrations than are HiS rats (Dess 2000; Dess et al. 2009 ). The separate regression analyses for each line (Experiment 3B) provide new support for it. The best predictor of saccharin intake by LoS rats was intake of other 2 bittersweet sweeteners (Ace K, SUX); a purely sweet solution (sucrose) did not account for additional variance. In contrast, the best predictor of saccharin intake by HiS rats was intake of sucrose; nonnutritive sweeteners did not account for additional variance. Total variance accounted for was similar among LoS and HiS rats (respectively, 68% and 75%). Moreover, sweetener intake was a better predictor than was line, and line did not account for any variance independently of sweetener intake. These results suggest that line differences are associated uniquely with selective pressure on the saccharin phenotype, for which bitterness and sweetness provide an adequate quantitative account.
Of course, HiS rats are not completely insensitive to bitter side tastes, any more than LoS rats are insensitive to sweetness. Intake of nonnutritive sweeteners by HiS rats declines at high concentrations (e.g., Dess and Minor 1996; Experiments 2C and 3A) , consistent with drinking microstructure evidence that even SUX-preferring rats detect bitterness in sucralose solutions (Loney et al. 2012b) . Although bitterness may limit intake of nonnutritive sweeteners by HiS rats, they consume more of all of them (except aspartame) and sugars than do LoS rats (Dess 2000; Dess et al. 2009 ; present study). Thus, sweetness accounts well for the behavior of HiS rats, with bitterness as a relatively minor constraint.
The present experiments utilized suprathreshold solutions, and an account of individual differences for suprathreshold stimuli may or may not hold near threshold. Low et al. (2016) examined the stability of individual differences across nutritive and nonnutritive sweeteners at perithreshold and suprathreshold concentrations. Whereas suprathreshold intensity was strongly correlated across and within sweetener categories, detection and recognition thresholds for nutritive sweeteners were weakly correlated with thresholds for nonnutritive sweeteners. Therefore, the present results might underestimate the importance of receptor polymorphisms and processes dependent on the chemical structures of sweeteners when sweeteners are present at perithreshold levels, either in experimental preparations or in everyday ingestive behavior.
Selective breeding does not necessarily implicate genetically determined unconditioned, reflexive ("innate") responses to tastants in differential sweetener intake by LoS and HiS rats. Indeed, initial orofacial taste reactivity to saccharin does not distinguish LoS and HiS rats. Shorter latency rejection in LoS rats emerges only after a few minutes of experience with saccharin, implicating plasticity mechanisms rather than unconditioned brainstem-mediated gustatory reflexes in the phenotype difference (Thiele et al. 1997) . Intake in 24-h tests is subject to modulation by sensory specific satiety, taste-taste association, postingestive feedback, and other processes (e.g., Fanselow and Birk 1982; Kushner and Mook 1984; Swithers et al. 2010) . Which experience-dependent processes contribute to sweetener intake on which time scales, and whether the same processes modulate intake of saccharin and other sweeteners, remain to be determined.
The present findings also may inform emerging literatures on mechanisms of sweetener intake beyond traditional ones in tongue and brain. For example, receptors that transduce sweet-and bittertasting chemicals have been found in the gut, as well as in the airway, brain, and other organs (Fernstrom et al. 2012; Depoortere 2014; Lee and Cohen 2015) . The gut microbial community is modified by intake of nutritive and nonnutritive sweeteners (Abou-Donia et al. 2008; Beilharz et al. 2016; Nettleton et al. 2016; Suez et al. 2014 ) and, in turn, might influence ingestive behavior (Alcock et al. 2014) . We recently demonstrated that LoS and HiS rats host different gut microbial communities (Lyte et al. 2016) . The role in individual differences in sweetener intake of pathways through extra-oral taste receptors and the gut-microbiome-brain axis warrants attention.
Finally, the relatively simple pattern of line differences in intake of chemically diverse sweeteners points to mediation by central "final common paths." This idea is not ad hoc speculation based on the present data. Decades ago, observation of differential stress effects on saccharin versus sucrose intake and of spontaneously occurring saccharin aversion led to the hypothesis that saccharin intake is a marker for variation in central mechanisms of energy regulation that manifest in ingestion and in other behavioral systems, especially those modulated by emotionality (Dess 1991; Minor et al. 1994; Dess and Minor 1996) . Selective breeding was undertaken to test that hypothesis. Since then, LoS/HiS differences have been observed in several behavioral paradigms, including dietary challenges to energy balance, drug self-administration, stress vulnerability, acoustic startle amplitude, and social dominance (Dess and Minor 1996; Dess et al. 2000 Dess et al. , 2007 Dess et al. , 2013 Carroll et al. 2002; VanderWeele et al. 2002; Perry et al. 2006; Gonzales et al. 2008; Eaton et al. 2012) . Direct tests to date confirm line differences in forebrain mechanisms of incentive and hedonic value (Castro and Berridge 2014; King et al. 2014; Robinson et al. 2014; Dean et al. 2016; Ross et al. 2016) . Cocaine-induced c-fos expression in several nucleus accumbens regions (Regier et al. 2012 ) and intracranial self-stimulation thresholds (Holtz et al. 2015; Radke et al. 2016 ) are higher in LoS than HiS rats; none of those studies involve gustation and thus implicate differences in domain-general pathway activation.
Sweetness and bitterness perception in humans also is associated with affective processes that are not plainly linked to ingestion, including anxiety, depression, prosociality, and everyday sadism (Mascie-Taylor et al. 1983; Whittemore, 1986; Amsterdam et al. 1987; DeMet et al. 1989; Dess and Edelheit 1998; Hirschberger and Ein-Dor 2005; Meier et al. 2012; Greitemeyer 2014, 2016) . Together, those findings and the work with LoS and HiS rats illustrate how linking taste phenotypes with noningestive correlates can broaden the scope of inquiry into the psychobiology of sweetness.
Funding
Intramural funding for students and supplies was provided by the Undergraduate Research Center and the VanderWeele Student Research Fund at Occidental College.
